Force-Dependent Multicolor Mechanochromism from a Single Mechanophore by McFadden, Molly E. & Robb, Maxwell J.
Subscriber access provided by Caltech Library
is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.
Communication
Force-Dependent Multicolor Mechanochromism from a Single Mechanophore
Molly E. McFadden, and Maxwell J. Robb
J. Am. Chem. Soc., Just Accepted Manuscript • DOI: 10.1021/jacs.9b05280 • Publication Date (Web): 08 Jul 2019
Downloaded from http://pubs.acs.org on July 8, 2019
Just Accepted
“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.
1 
Force-Dependent Multicolor Mechanochromism from a Single 
Mechanophore 
Molly E. McFadden and Maxwell J. Robb* 
Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, CA 91125, United States 
 
Supporting Information Placeholder
ABSTRACT: We report a bis-naphthopyran mechanophore that 
exhibits force-dependent changes in visible absorption. A series of 
polymers incorporating a chain-centered bis-naphthopyran mech-
anophore are activated using ultrasonication. By varying the 
length of the polymer chains, the force delivered to the mechano-
phore is modulated systematically. We demonstrate that the rela-
tive distribution of two distinctly colored merocyanine products is 
altered predictably with different magnitudes of applied force, 
resulting in gradient multicolor mechanochromism. The mecha-
nochemical reactivity of bis-naphthopyran is supported by DFT 
calculations and described by a theoretical model that provides 
insight into the force-color relationship. 
Mechanophores are molecules that undergo specific and pro-
ductive chemical transformations under mechanical stress.1 In 
polymer mechanochemistry, force is transduced to a mechano-
phore through covalently linked polymer chains.2 Mechanophores 
that exhibit changes in color or luminescence, for example, enable 
the straightforward visible detection of stress and/or strain in pol-
ymers and polymeric materials.3 A diverse library of mecha-
nochromic molecular force probes has emerged including spiropy-
ran4 and naphthopyran,5 which undergo 6π electrocyclic ring-
opening reactions under force to generate colored merocyanine 
dyes. In addition, mechanophores that homolytically cleave to 
generate colored radical species,6 the force-activated unzipping of 
polyladderene to form conjugated polyacetylene,7 and the ring-
opening reaction of rhodamine8 have also been recently reported. 
The development of mechanochromic mechanophores that are 
capable of distinguishing between different magnitudes of force 
through discrete visual signals remains an important challenge. 
Spiropyran4d,9 and rhodamine8b exhibit a unique color transition in 
materials under active stress and after relaxation due to presumed 
changes in cis–trans isomerization and conformational torsion, 
respectively. Furthermore, taking advantage of the unique proper-
ties of phase-separated polymer and composite materials, differ-
ential activation of two different mechanochromic mechanophores 
introduced into hard and soft domains has been demonstrated 
under varying degrees of mechanical stimulation.10 A single 
mechanophore, however, that is capable of achieving a force-
dependent, gradient multicolor response is a desirable target. 
We were intrigued by reports of multicolor photochromism in 
bis-naphthopyran (BNP) chromophores (Scheme 1).11 The two 
pyran rings, which are initially in the closed-closed state 
(BNPC‑C), open sequentially under extended irradiation with UV 
light to generate distinctly colored merocyanine dyes. A single 
ring-opening reaction produces the open-closed form (BNPO‑C) 
with absorption properties characteristic of typical merocyanine 
dyes; however, the ring-opening reaction of the second pyran unit 
generates the open-open bis-merocyanine species (BNPO‑O) that 
absorbs at longer wavelengths due to conjugation through the 
thiophene linker. Here, we report the mechanochemical reactivity 
of a BNP mechanophore that exhibits force-dependent multicolor 
mechanochromism. Interestingly, the mechanochemical behavior 
of the BNP mechanophore is distinct from its photochemical reac-
tivity. In contrast to the sequential ring-opening behavior with 
light, BNPO‑O appears to be generated directly with force. A dy-
Scheme 1. Electrocyclic reactions of bis-naphthopyran
produce distinctly colored merocyanine products via pho-
tochemical, thermal, and mechanochemical processes. 
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2 
namic equilibrium is achieved under mechanical activation in 
which the distribution of merocyanine products is increasingly 
biased toward BNPO‑O with greater force applied to the BNP 
mechanophore. The trend in mechanochemical reactivity is de-
scribed by a mechanistic model that captures the experimentally 
determined force-color relationship. 
Density functional theory (DFT) calculations using the easily 
implemented constrained geometries simulate external force (Co-
GEF) method12 were initially performed to evaluate the mechano-
chemical activity of bis-naphthopyran (see the Supporting Infor-
mation (SI) for details). Encouragingly, the calculations predict 
successful ring-opening reactions of both pyran units upon mo-
lecular elongation. To experimentally evaluate the mechanochem-
ical reactivity of bis-naphthopyran, we synthesized a series of 
poly(methyl acrylate) (PMA) polymers incorporating a BNP unit 
near the center of the polymer chain (Scheme 2). An ortho- 
 
Scheme 2. Synthesis of poly(methyl acrylate) polymers 
containing a chain-centered bis-naphthopyran unit. 
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fluorophenyl group was incorporated into the BNP structure, 
which reduces the rate of thermal ring-closure and extends the 
lifetime of the merocyanine species.13 Polymers with number 
average molecular weights (Mn) in the range 22–330 kDa were 
prepared (Table 1) and mechanically activated in solution using 
ultrasonication, which generates elongational forces on polymer 
chains that are maximized near the chain midpoint. According to 
the bead–rod model, the force experienced by a polymer under 
 
Table 1. Polymer characterization and quantification of force-
dependent mechanochromism. 
DPb Ða B620 /B460c
40.0
53.1
73.2
97.6
165
465 1.10 0.32 ± 0.025
617 1.10 0.40 ± 0.033
850 1.10 0.44 ± 0.014
1130 1.20 0.51 ± 0.068
1920 1.15 0.62 ± 0.047
21.5 250 1.19 0.24 ± 0.010
330 3830 1.24 0.75 ± 0.024
Mn (kDa)aPolymer
BNP-PMA22
BNP-PMA40
BNP-PMA53
BNP-PMA73
BNP-PMA98
BNP-PMA165
BNP-PMA330
aDetermined from GPC-MALLS. bMn/M0. cAverage values from 
absorbance data fitted to eq 1. Standard deviation from a mini-
mum of three trials. 
these conditions is dependent upon the length of the chain.14 
Thus, the magnitude of force applied to a BNP molecule during 
ultrasonication is tuned by varying the degree of polymerization 
(DP) of the attached polymer chains, with longer polymers trans-
ducing greater force. Accordingly, the activation rate of mechano-
chemical reactions is directly proportional to DP above a thresh-
old chain length.12b Although DP is a better descriptor of mechan-
ical activation,15 we refer to polymer molecular weight as a more 
identifiable metric since only PMA was used in this study. 
The photochromic properties of a 330 kDa polymer containing 
a chain-centered bis-naphthopyran molecule (BNP‑PMA330) were 
initially investigated and compared to its mechanochemical reac-
tivity. Photochemical and mechanochemical reactions were moni-
tored in real-time by UV-vis absorption spectroscopy using a 
peristaltic pump to continuously circulate a polymer solution be-
tween a reaction vessel and a UV-vis flow cell.15a A THF solution 
of BNP‑PMA330 at −45 °C was irradiated with UV light (λ = 311 
nm) and absorption spectra were acquired over time (Figure 1a). 
At early irradiation times, a new peak with an absorption maxi-
mum at approximately 460 nm emerges, corresponding to the 
BNPO‑C species.11a A longer wavelength absorption signal appears 
after extended UV irradiation that corresponds to the BNPO‑O 
form. To better characterize the formation of each species over 
time, the absorbance at two characteristic wavelengths of 460 nm 
and 620 nm were monitored continuously. The latter wavelength 
was chosen to minimize overlap with the absorption of BNPO‑C, 
allowing for the selective detection of BNPO‑O. Under constant 
photoirradiation of BNP‑PMA330, the absorbance at 460 nm in-
creases rapidly and reaches a maximum well before the absorb-
ance at 620 nm. These observations are consistent with a sequen-
tial photoactivation mechanism in which BNPC-C undergoes a 
single ring-opening reaction to generate BNPO‑C, followed by 
transformation of the second pyran ring to produce BNPO‑O. 
Tracking the concentration of each species as a function of pho-
toirradiation time using extinction coefficients estimated from 
similar isolated small molecules11a,b further supports this mecha-
nism (Figure S1). 
Mechanochemical activation of PMA chain-centered bis-
naphthopyran was investigated by subjecting polymers in THF at 
−45 °C to continuous ultrasonication (8.2 W/cm2) using the same 
analytical flow setup employed in the photoirradiation experi-
ments. In contrast to the sequential photoactivation behavior, 
mechanochemical activation of BNP‑PMA330 occurs via a differ-
ent mechanism (Figure 1b). The absorbance at 620 nm reaches a 
maximum value early, while the absorbance at 460 nm continues 
to increase more slowly with longer ultrasonication exposure. 
These data indicate that BNPO‑O is formed relatively quickly in the 
mechanochemical reaction compared to BNPO‑C, which is gener-
ated relatively slowly. Ultrasound-induced mechanical activation 
of lower molecular weight BNP‑PMA40 under the same condi-
tions exhibits a similar trend in absorbance over time with the 
population of BNPO‑O reaching a steady state before BNPO‑C; 
however, the absorption spectra are markedly different (Figure 
1c). Remarkably, these results suggest that the relative distribu-
tion of BNPO‑C and BNPO‑O resulting from the mechanochemical 
reaction and the correlated visible absorption spectrum are force-
dependent (vide infra). Control experiments performed on a 
chain-end functional polymer confirm the mechanical origin of 
the observed ultrasound-induced reactivity (Figure S2). 
To further quantify how varying force affects the dynamic equi-
librium of the system and the distribution of merocyanine species 
at the mechanostationary state,15a the series of polymers was sub-
jected to ultrasound-induced mechanical activation as described 
above, the absorbance at 460 nm and 620 nm was plotted as a 
function of sonication time, and the curves were fitted to eq 1:  
𝐴𝑏𝑠ሺ𝑡ሻ ൌ 𝐵ሺ1 െ 𝑒ି௞௧ሻ ሺ1ሻ 
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3 
where Abs(t) is the absorbance at a specific wavelength at time t, 
B is the amplitude (the maximum absorbance value), and k is the 
effective rate constant. A representative example is illustrated in 
Figure 2a. Average values of B measured at 460 nm (B460) and 
620 nm (B620) were determined from a minimum of three trials for 
each polymer and are reflective of the steady-state concentration 
of merocyanine species. More importantly, as discussed below, 
the ratio of B620 to B460 for each polymer provides a consistent 
measure of the ensemble average steady-state distribution of 
BNPO‑C and BNPO‑O at a particular applied force (Table 1). 
Representative traces of absorbance at 620 nm scaled to respec-
tive values of B460 as a function of sonication time are shown for 
each polymer in Figure 2b. These data reveal how the populations 
of merocyanine species change over time to reach a steady-state 
concentration of BNPO‑C and BNPO‑O. The relative spectral con-
tribution from the BNPO‑O state becomes greater with increasing 
molecular weight of the attached polymers, and thus with greater 
force applied to the BNP mechanophore. Additionally, the steady-
state concentration of BNPO‑O is reached faster with higher mo-
lecular weight polymers, which is consistent with longer chains 
being activated more quickly in mechanochemical reactions.  
We constructed a theoretical model to further understand the 
force-color relationship observed for the BNP mechanophore 
(Figure 2c). As mentioned above, the average ratio of B620/B460 
determined for each polymer serves as a proxy to describe the 
overall distribution of BNPO‑C and BNPO‑O resulting from the 
mechanochemical reaction. In the model, the relative steady-state 
concentrations (φ) of BNPO‑C and BNPO‑O given by eq 2:  
𝜑୓-୓ ൌ 1 െ 𝜑୓-େ ൌ  
ሾBNP୓-୓ሿ
ሾBNP୓-େሿ ൅ ሾBNP୓-୓ሿ   ሺ2ሻ 
are related to Mn according to eq 3:  
𝜑୓-୓ ൌ 1 െ 𝑒ି௖ሺெ౤/ெబሻ ሺ3ሻ 
where c is a constant and M0 is the molecular weight of the mon-
omer unit (DP = Mn/M0). The concentration of each merocyanine 
species can be calculated from the experimentally determined 
absorbance values at 460 nm and 620 nm using the Beer-Lambert 
relationship and previously estimated extinction coefficients to 
predict the dependence of B620/B460 on Mn (see the SI for details). 
The goal of this model is not to describe the system exactly, but 
rather capture the overall trend observed for the changes in visible 
absorption resulting from mechanical activation of BNP with 
Figure 1. UV-vis absorption behavior of bis-naphthopyran under photochemical and mechanochemical activation. (a) Absorption spectra
of 330 kDa BNP‑PMA330 upon increasing exposure to UV light (λ = 311 nm) illustrating sequential ring-opening behavior. Insets show
absorbance monitored at characteristic wavelengths of 460 nm and 620 nm during the reactions. UV-vis absorption behavior of (b) 330
kDa BNP‑PMA330 and (c) 40 kDa BNP‑PMA40 subjected to ultrasound-induced mechanochemical activation demonstrating a non-
sequential ring-opening process and force-dependent visible absorption. Polymer concentrations are 2 mg/mL in THF. 
Figure 2. Evaluation of force-dependent mechanochromism of the BNP mechanophore. (a) Representative kinetic plots for BNP‑PMA73
demonstrating the determination of steady-state absorbance values. Absorbance at 460 nm and 620 nm was recorded for each polymer
during ultrasound-induced mechanical activation and fitted to eq 1 to calculate B460 and B620. (b) Representative traces of absorbance at
620 nm as a function of sonication time for each polymer scaled to their respective values of B460. (c) Ratios of B620/B460 determined for
polymers of varying Mn describe the overall distribution of BNPO‑C and BNPO‑O and are consistent with a theoretical model that predicts
the force-color relationship. 
Page 3 of 6
ACS Paragon Plus Environment
Journal of the American Chemical Society
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
4 
varying force. This simple model is in good agreement with the 
data. 
The experimental results presented above demonstrating force-
dependent, gradient multicolor mechanochromism of the BNP 
mechanophore are consistent with a non-sequential activation 
mechanism in which BNPC‑C is converted directly to BNPO‑O (see 
the SI for details). Biased by external force, BNPC‑C exists in equi-
librium with BNPO‑C and BNPO‑O and the distribution of the two 
merocyanine species is dictated by the balance between the for-
ward rate of mechanochemical activation and thermal electrocy-
clization, resulting in a mechanostationary state. Although the 
complex interconversion processes preclude an exact solution of 
the rate law, numerical modeling supports the proposed mecha-
nism and suggests that BNPO‑C is produced predominately, if not 
exclusively, from thermal electrocyclization of BNPO‑O. The data 
and the kinetic model also indicate that BNPO‑C can be activated 
mechanochemically to regenerate BNPO‑O. As the average DP, or 
Mn, of the polymers attached to the BNP mechanophore increases, 
the rate of electrocyclic ring-opening increases, which shifts the 
merocyanine distribution at the mechanostationary state toward 
BNPO‑O. This feature is reflected in a greater spectral contribution 
from BNPO‑O relative to BNPO‑C and a larger ratio of B620/B460. 
This mechanism also accounts for the more rapid mechanochemi-
cal generation of BNPO‑O compared to BNPO‑C. With the excep-
tion of BNP-PMA22, polymer chain scission occurs with extended 
ultrasonication as expected, leading to irreversible loss of BNPO‑O. 
This degradation pathway is included explicitly in the kinetic 
model; however, it appears to have a minimal effect on the value 
of B620/B460. 
In summary, we have developed a bis-naphthopyran (BNP) 
mechanophore that exhibits force-dependent, gradient multicolor 
mechanochromism. The BNP mechanophore was incorporated 
into a series of polymers with different degrees of polymerization 
and mechanically activated in solution using ultrasonication. By 
changing the length of the attached polymer chains, the amount of 
force delivered to the mechanophore was varied systematically. 
Mechanical activation of BNP proceeds via a mechanistically 
distinct pathway compared to the photochemical process. Increas-
ing the force applied to the BNP mechanophore predictably alters 
the relative distribution of two distinctly colored merocyanine 
products, resulting in a graded change in the overall visible ab-
sorption spectrum. The mechanochemical behavior of the BNP 
mechanophore is described by a theoretical model that provides 
insight into the force-color relationship. 
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